Point-source infections are most likely the cause for Neospora caninum-induced abortion outbreaks in cattle, whereas an increased annual abortion rate may be a consequence of vertical transmission. The aims of the present study were to examine the reproductive effects of neosporosis in a beef herd for 3 years, after a point-source outbreak and to use IgG avidity serology to examine the chronicity of infections and patterns of transmission. During the study, 76-78% of animals were seropositive for N. caninum. The pregnancy rate varied from 88% to 94%, without any reduction in the pregnancy rate of seropositive cows compared with seronegative cows. The annual abortion rate was 2.5-5.5%, and all but 1 abortion occurred in seropositive dams. The efficiency of vertical transmission was estimated to be 85%. Several calves, born to seronegative dams, were seropositive at 6-13 months of age, indicating a 22% mean annual rate of horizontal transmission. The mean avidity in seropositive cows increased from 30 during the initial outbreak to 74 after 3 years. The mode of IgG avidity was 21-40 during the initial abortion outbreak, 41-60 after 1 year, and 61-80 after 2 and 3 years. The results reveal high annual rates of both vertical and horizontal transmission of N. caninum in a herd of beef cows and provide further validation on the ability of the N. caninum IgG avidity ELISA to accurately assess the chronicity of infection.
The protozoan parasite Neospora caninum is a major cause of bovine abortion worldwide. Cattle can be infected through ingestion of oocysts shed in the feces of acutely infected dogs, a definitive host of N. caninum. 12, 15 The parasite is also efficiently transmitted transplacentally from a chronically infected cow to her fetus during pregnancy. Transplacental transmission can occur during consecutive pregnancies, and a congenitally infected female calf can later transmit the parasite to her own offspring. 3, 18 Thus, in an infected herd, the parasite can persist for a long time without involvement of a definitive host. Bovine abortions caused by N. caninum may show epidemic as well as endemic patterns. Epidemiologic data from cattle herds indicate that external or pointsource infections are the most likely cause of abortion outbreaks, 8, 11, 14, 16, 22 whereas a high level or an increase in the annual abortion rate may be a consequence of predominantly vertical transmission. 3, 8, 21 Presence of N. caninum antibodies indicates that the individual is infected with the parasite. 5, 9 Further, the avidity (functional affinity) of N. caninum IgG antibodies gives an indication whether an individual suffers from acute or chronic infection. 4 The use of an N. caninum IgG avidity ELISA in the investigation of a beef herd with an outbreak of abortions and premature births revealed an increase in mean avidity of specific IgG antibodies between days 14 and 85 of the outbreak. 14 Furthermore, aborting cows had lower avidities (i.e., were more recently infected) than did cows that calved normally. These results implied that cattle can acquire a protective immunity against N. caninum, capable of preventing abortion during exposure to the parasite.
In epidemiological studies as well as in diagnostic investigations in infected herds, it is desirable to establish an approximate timeframe in which infection was acquired, and also to elucidate the predominant route of parasite transmission in the herd. In the present study, the avidity of N. caninum IgG antibodies in a beef herd during 3 years after a previously described N. caninum-associated abortion outbreak was measured. 14 The results were compared with those obtained during the course of the outbreak to examine whether IgG avidities could be used to establish how recently a herd was infected with N. caninum and the relative importance of prenatal and postnatal parasite transmission. The long-term effects of Neospora infection on the reproductive performance in the herd were also investigated.
Materials and methods
Animals. A herd of beef cattle in Nebraska that had an outbreak of N. caninum-associated abortions in January and February 1998 was used for this study. A description of the herd and the abortion outbreak was previously presented. 14 During 1998, 43 of 212 (21%) of the pregnant cows and heifers aborted, gave birth prematurely, or gave birth to a weak calf. The abortions were attributed to a point-source exposure to N. caninum and no other infectious or noninfectious cause of abortion could be identified. At day 14 of the outbreak, 164 (79%) of the cows had antibodies to N. caninum and another 6 sero-converted by day 85. IgG avidity values were significantly lower in the cows that had abnormal reproductive outcomes compared with the seropositive cows that calved normally. 14 In this follow-up study, blood samples were collected each twice yearly from fall 1998 to spring 2001 from the cows and replacement heifers. In the spring and fall 1999 and spring 2001, blood samples were also collected from calves aged 6-13 mo (predominantly, heifer calves were sampled, but some bulls were occasionally included). Each fall, 21-23 wk after the cows and replacement heifers were brought together with the bulls, they were examined by rectal palpation to confirm pregnancy status. Each spring, when the calving season was completed, data were collected from the farmer's written records regarding calvings and abnormal reproductive outcome, i.e., abortions, stillbirths, premature births, and birth of weak calves. ''Abortion'' was defined as a dead calf that was not carried to term and ''stillbirth'' as a calf that was carried to term but born dead. ''Premature birth'' was defined as a live calf born on or before February 15, i.e. Ͻ266 days after the cows and breeding heifers were brought together with the bulls, and ''born weak'' as a live calf born with a defect, i.e., paralyzed hind legs, or found ''sickly'' or cold, and that died within 24 hr after birth.
Antibody analyses. The sera were analyzed for the presence of antibodies to N. caninum by iscom ELISA as previously described. 2 All absorbance values were correlated with a positive control serum with a mean absorbance value of 1.0, and sera with corrected absorbance Ն0.20 were considered positive. Sera that had positive results were examined further by avidity ELISA. 4 In brief, sera were diluted in 5-fold serial dilutions and applied in duplicate microtiter wells. After incubation with serum, 1 well for each serum was treated with urea to release low avidity antibodies from the antigen-antibody complex. Absorbance was measured in treated and untreated wells after incubation with conjugate and substrate. The IgG avidity was calculated using the formula:
IgG avidity ϭ (end point titer with urea/end point titer without urea) ϫ 100.
A value for IgG avidity could not be determined often for sera that had absorbance values Ͻ0.40 before treatment with urea. To facilitate the interpretation of the IgG avidity results, they were clustered into 5 classes (0-20, 21-40, 41-60, 61-80, and 81-100). Data analysis. Reproductive and serologic data were analyzed using a commercial software package. a Pregnancy rate was calculated as the number of cows and heifers diagnosed pregnant/number of cows and heifers exposed to a bull. The abortion rate was calculated as the number of abortions/numbers of cows and heifers diagnosed pregnant, and abnormal reproductive outcome (ARO) as the total number of abortions, stillbirths, premature calvings, and weak-born calves/number of cows and heifers diagnosed pregnant. Association between pregnancy outcome and serological status and IgG avidity, and association between serological status in dams and their offsprings were measured and compared using Fischer's exact test for 2 ϫ 2 tables.
Results
During the 3 years after the abortion outbreak (1999) (2000) (2001) , the N. caninum seroprevalence in the herd remained high with 74-80% of the adult cattle and 72-77% of the calves being seropositive. The overall pregnancy rate in the herd varied from 88% to 94% over the years with no statistically significant difference between seropositive and seronegative individuals. The abortion rate was 10/200 (5.0%), 10/182 (5.5%), and 4/158 (2.5%) in 1999, 2000, and 2001, respectively. All but one abortion occurred in cows or heifers that were seropositive at the sampling after abortion. One of these seropositive cows had seroconverted, i.e., from being negative to positive in the iscom ELISA, during pregnancy. The remaining abortion happened in a cow that was seronegative when checked for pregnancy but was sold soon after abortion, before any blood sample was collected. The percentages of ARO during those years were 15 (7.5%), 14 (7.7%), and 8 (3.8%). The majority of ARO values occurred in seropositive cows and heifers, but there was no statistically significant difference between seropositive and seronegative cows or heifers regarding either abortion rate or total ARO. The overall pregnancy rate was similar in seropositive and seronegative cows, but during 1999 and 2000, it was lower in seropositive (83%) than in seronegative (100%) heifers. The differences between the groups of breeding heifers were not statistically significant, possibly because the number of seronegative heifers in the herd was too low to permit adequate statistical power.
There was a significant association between the serological status of dams and their offsprings (estimated from samples collected from both calves and their dams when the calves were 5-12 months old; Table  1 ). Eighty-nine percent (133/151) of the calves that had seropositive mothers were themselves seropositive. However, several of the seronegative cows and heifers, a mean of 22%, had seropositive offspring, indicating that there was also a high rate of postnatal transmission of the parasite in the herd during these years. It can be expected that a similar percentage of calves that were born seronegative from infected dams (Fig. 1) . During the abortion outbreak in 1998, the mode of IgG avidity was 21-40. In 1999, the mode shifted to avidity class 41-60, and in the following 2 years, stabilized in class 61-80. One of the 3 cows that had avidity values Յ40 in the spring of 2001 had sero-converted during the previous 6 months and aborted in March 2001, and 1 had been brought into the herd 3 months before sampling. The third cow was born in 1991, had seroconverted between April 1998 and February 1999, and had since then maintained avidity values below 46.
Essentially, the same avidity pattern was seen in the calves (Fig. 2) . At the sampling in spring 1999, 95% of the seropositive calves (born during the abortion outbreak the previous year) had avidity values above 60 with about equal number of calves in avidity classes 61-80 and 81-100. However, in the following years, the mode was in class 61-80, similar to that found in the cows. In the spring of 2001, 2 calves had avidity values Ͻ20, indicating acute infections. The mother of one of these calves was seronegative before and after calving. The other calf had a dam that was seropositive over the years but had low absorbance values.
Discussion
The avidity of specific IgG antibodies has been shown to reflect the duration of N. caninum infection in cattle. 4, 13 The avidity increases during the course of infection and remains consistently high in chronically infected cows. 4 It does not appear that the avidity is affected by recrudescence of the infection during pregnancy. 10 When the N. caninum avidity ELISA was applied in the present herd during an abortion outbreak in 1998, it was found that the mean avidity increased from 30 to 43 between days 14 and 85 of the out- break. 14 During the following 3 years (1999-2001), there was a significant increase in mean avidity, with a mean of 74 in 2001. The pattern during the abortion outbreak, with the mode in avidity class 21-40, was used to justify the previous conclusion that there had been a point-source exposure of N. caninum in the herd fairly recently before the outbreak in 1998. 14 The fact that the mode shifted and stabilized in class 61-80 during the final years of the study suggests that congenital transmission became the predominant mode of infection in the herd. This is also in accordance with the significant association between seropositivity of the calves born during 1999 and 2000 and that of their dams.
It has previously been shown that N. caninum is efficiently transmitted vertically and that congenital infection is an important mode of N. caninum infection in many cattle herds. 3, 6, 8, 21 In the present study, there were individual animals with IgG avidities Յ40 indicating that a certain degree of horizontal transmission also occurred during these years. It, however, has previously been shown that there is an individual variation in avidity. 4 Therefore, a single serum with a low avidity should be judged with caution and not necessarily taken as a proof of ongoing horizontal transmission. However, the fact that 22% of calves born to seronegative dams were seropositive when first sampled at the age of 6-13 months, and that 6 animals seroconverted during the final 2 years of the study, strengthens the assumption of an ongoing horizontal transmission of N. caninum in this herd.
During the outbreak in this herd, the aborting cows had lower avidities than the cows with normal pregnancies. 14 Lower avidities in aborting compared with normally calving cows were also reported from another investigation of an abortion storm in a dairy herd. 11 However, in the present study comprising the 3 years after the abortion outbreak, no association between pregnancy outcome and IgG avidity was found. This is not surprising because the majority of seropositive cows and heifers were chronically infected with high avidity values when they got pregnant during these years. The older cows had been infected during the outbreak of neosporosis in 1998 and the replacement heifers were born congenitally infected.
Besides documenting the long-term pattern in IgG avidity, this study also investigated the long-term effects of endemic N. caninum infection in the herd. During the study period, N. caninum was transmitted both by vertical propagation and by horizontal transmission. Approximately 85% of calves born to seropositive cows were infected congenitally. This rate is within the range of previous estimates of vertical propagation, which varies between 45% and 95%, depending upon the study. 1, 6, 18 In addition, there was a 22% rate of N. caninum transmission to the offspring of seronegative cows. Presumably, most of these calves were infected postnatally because the dam remained seronegative. The only proven method of postnatal transmission of N. caninum infection to cattle is by ingestion of oocysts. 7 During the 3 years after the abortion outbreak, 2.5-5.5% of the confirmed pregnancies ended in abortion and all but one of these occurred in seropositive ani-mals. It has been suggested that abortion rates of up to 2% in beef cattle herds is within normal limits, but an abortion rate above 2% is considered cause for action. 17 The moderately elevated abortion rate found in the present herd is in agreement with the higher risk of abortion in chronically N. caninum-infected cows as reported by others. [19] [20] [21] The present study has demonstrated a strong correlation between IgG avidity and chronicity of N. caninum infection in a herd of beef cattle. These results further validate the N. caninum IgG avidity ELISA as a powerful tool for use in epidemiological investigations. Moreover, the concept of avidity serology is not unique to any single infectious disease and should be adaptable to a variety of veterinary pathogens.
